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Fig. 2. Receiver schematic diagram of fractionally spread MC-CDMA.
that these channel parameters are perfectly estimated. Note
that when AWGN channels are considered, the fading ampli-
tudes of funsg are set to units, while the phases due to carrier
modulation and channel delay are assumed to be perfect esti-
mates. By contrast, for the slowly fading channels considered,
both the fading amplitudes as well as the phases are indepen-
dent of the fraction index of n. The FS MC-CDMA receiver’s
schematic diagram is shown in Fig.2, which is suitable for re-
ceiving the FS MC-CDMA signals in all three types of channel
models considered. In Fig.2 each subcarrier signal is ﬁrst de-
spread using the T-domain spreading code c(t) of the reference
user associated with each fraction. Then, the subcarrier signals
conveying the same data bit are despread using the F-domain
spreading code fF1;F2;:::;FSg and combined using a MRC
scheme with the aid of the channel’s fading envelope estimates
fun1;un2;:::;unSg
U
u=1. Finally, theN1 numberofsignals
corresponding to N1 fractions of the same symbol are despread
using the T-domain spreading code a(t), yielding the decision
variable Zu; u = 1;:::;U acquired for the uth binary bit. The
process of generating the decision variable Zu for the ﬁrst sym-
bol can be summarized using the following equations.
Zu =
N1 1 X
n=0
anZun; u = 1;:::;U; (3)
Zun =
S X
s=1
FsZuns; (4)
Zuns = uns 
Z (n+1)TD
nTD
r(t)c(t)cos(2fust)dt; (5)
where we assumed that 1 = 0 and  uns = 0, representing per-
fect synchronization with the subcarrier signal of the fraction
that is being considered.
IV. BIT ERROR RATE
In this section we summarize the BER expressions for the
proposed FS MC-CDMA system, when communicating over
the AWGN, and over the slow or fast frequency-selective
Nakagami-m fading channels.
The BER of the FS MC-CDMA system communicating over
AWGN channels can be expressed as
Pb = Q
p
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where Q(x) represents the Gaussian Q-function, which can be
represented in the form of Q(x) = 1 p
2
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
dt.
In the context of the frequency-selective fast Nakagami-m
fading channels, the BER of the FS MC-CDMA systems can
be expressed as
Pb =
1

Z =2
0

msin
2 
c + msin
2 
mSN1
d; (7)where m is the Nakagami-m fading parameter, c represents
the average signal-to-noise ratio (SNR) received and can be ex-
pressed as
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where 
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. Explicitly, (7) shows that the diver-
sity order achieved is SN1.
Finally, in the context of communicating over frequency-
selective slow Nakagami-m fading channels, the BER of the
FS MC-CDMA systems can be expressed as
Pb =
1
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d; (9)
which shows the diversity order achieved over the frequency-
selective slow Nakagami-m fading channels is S. Furthermore,
the SNR in (9) is given by
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Eb
SN0
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: (10)
It can be shown [6] that the limit of (7) or (9) with respect
to m ! 1 will converge to (6), which quantiﬁes the BER
in the context of AWGN channels. This characteristic implies
that when the channel quality improves and the fading envelope
becomes near-constant, the FS MC-CDMA will automatically
leverage the diversity gain into spreading gain.
V. PERFORMANCE RESULTS AND DISCUSSION
In Fig.3 we show the corresponding comparison of the BER
performance of the FS MC-CDMA system, when communi-
cating over both the non-fading AWGN, as well as over the
frequency-selective slow fading and fast fading channels, as-
suming both Rayleigh (m = 1) and Nakagami-m (m = 2)
fading models. The curves in the ﬁgure were plotted against
the average SNR per bit of Eb=N0 for the parameters of N1 =
4; N2 = 31; S = 4 and K = 30. From the results of Fig.3
we observe that for a given SNR per bit value, the frequency-
selective fast fading channel model achieves a lower BER, than
the frequency-selective slow fading channel model, regardless
of m = 1 or m = 2. Furthermore, for m = 1 or m = 2, the
BER performance curve of the frequency-selective fast fading
channel model is only about 4dB or 2dB away from the BER
performance curve of the AWGN channel, at the BER of 10 6,
respectively. By contrast, at the same BER of 10 6, the BER
performance of the frequency-selective slow fading channel is
signiﬁcantly worse than that over AWGN channels, regardless
of m = 1 and m = 2. For m = 1 or m = 2 we observe
the formation of an error ﬂoor for the frequency-selective slow
fading channel model at the SNR per bit values of about 20dB
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Fig.3. BERversusEb=N0 performanceoftheFS-MC-CDMAsystems, when
communicating over both non-fading AWGN, as well as over slow frequency-
selective and fast frequency-selective Rayleigh (m = 1) or Nakagami-m (m =
2) fading channels.
or 25dB, respectively. The reason for the performance trends of
Fig.3 is that in the context of the frequency-selective fast fad-
ing channel model the total diversity order is SN1 = 16. By
contrast, in the context of the frequency-selective slow fading
channel model, the diversity order is only S = 4.
Fig.4 demonstrates the comparison of the BER performance
versus the number of users K for the FS MC-CDMA system,
when communicating over both non-fading AWGN, as well as
over frequency-selective slow Rayleigh (m = 1) fading and
fast Rayleigh (m = 1) fading channels. The curves in Fig.4
were plotted versus the number of users K for the parame-
ters of N1 = 4; N2 = 31; S = 4 and Eb=N0 = 15dB.
The results of Fig.4 also show that the achievable BER per-
formance is better in frequency-selective fast fading environ-
ments, than in the frequency-selective slow fading environ-
ments. This is a consequence of the higher diversity order
achievable over the frequency-selective fast fading channels,
than over the frequency-selective slow fading channels.
Finally, Fig.5 shows the BER performance of the FS MC-
CDMA system with respect to the Nakagami fading parameter
m, when communicating over frequency-selective slow or fast
Nakagami-m fading channels. For the sake of comparison, the
benchmark BER performance achieved in AWGN channels was
alsoplottedinFig.5. TheresultsofFig.5illustratethatwhenthe
value of m increases, the BER performance of FS MC-CDMA